We consider optical propagation through a centrosymmetric photorefractive crystal with the externally applied bias voltage modulated along the optical propagation direction. We analytically prove that, if the modulation scale is smaller than the optical diffraction length, the resulting effective nonlinearity has an even parity in the transverse plane for an even-symmetric intensity profile and supports bending-free solitons down to few-micrometer beam widths. Numerical integration of the full photorefractive model for lightmatter interaction allows us to confirm the feasibility of these miniaturized solitons and, for longer modulation periods, to investigate the excitation of self-trapped wiggling optical beams.
Photorefractive solitons are the result of a complicated light-matter interaction where the main selffocusing mechanism is usually accompanied by other side effects. The most noticeable of these is probably optical self-bending leading to a beam propagation along a curved trajectory [1] . In common geometries, such a deviation from straight propagation is a small effect that can usually be neglected for optical beams whose width is greater than a few tens of micrometers. However, the demand for miniaturized optical channels for innovative photonic applications calls for the investigation of optical solitons that are transversally self-trapped down to the scale of few micrometers [2] . Not only does self-bending yield, in these conditions, a beam deviation that can be much greater than the beam width, but it can inhibit the standard soliton formation mechanism itself [3] . This trait is connected to the fact that the nonlinear response does not have a definite parity also if the intensity profile is transversely even. In centrosymmetric crystals, the asymmetry originates from the externally applied field orientation, and hence reverting leads to a self-deflected optical beam that is the mirror image of the former one. This naturally suggests a geometry where the external applied voltage is longitudinally reversed at will, thus providing a mean to nonlinearly steer the soliton trajectory. The situation where the applied voltage is made to be longitudinally rapidly varying is physically similar to that occurring in "nonlinearity management" [4, 5] and guiding-center solitons [6] where the nonlinear response is spatially modulated along the optical propagation direction.
In this Letter we investigate light propagation through a centrosymmetric photorefractive crystal whose externally applied voltage is spatially modulated along the optical propagation direction. We analytically derive a general expression for the optical nonlinear response and prove that, if the modulation period is smaller than the optical diffraction length, the effective response produces, for an intensity profile that is transversally spatially even, an equally even nonlinear waveguide. We prove that the nonlinearity supports bending-free solitons and investigate their existence curves.
Consider a centrosymmetric photorefractive sample as in the three geometries reported in Figs. 1(1a)-1(3a), where the external bias potential is delivered on the facets x = L x and x =−L x by means of two standard plate electrodes [ Fig. 1(1a) ], or a system of alternating electrodes along the propagation z axis [Figs. 1(2a) and 1(3a)]. In the ͑1+1͒D configuration at steady state, the light experiences the nonlinear refractive index change ␦n = ␣E x 2 , where ␣ =−͑1/2͒n 0 3 g⑀ 0 2 ͑⑀ r −1͒ 2 , g is the significant quadratic electro-optic coefficient, and E x ͑x , z͒ is the x component of the electric field due to the photorefractively stored charges and to the presence of the external bias potential. The associated electrostatic potential ⌽͑x , z͒ (defined by the relation E =−ٌ⌽), under the condition where charge saturation can be neglected [3] , is governed by the equation
, z͒ is the optical intensity and I d is the intensity of a referencebackground uniform illumination. Assuming the external bias potential to be of the form ⌽͑±L x , z͒ = ±V 0 cos͑ v z͒, in the condition where the transverse beam width (along the x axis) is much smaller than L v =2 / v , we obtain, as an approximate solution of the equation for ⌽, the expression
which, for v = 0, reproduces the well-known 1D photorefractive potential in the standard condition of 
It is worth noting that the standard nonlinearity [i.e., ␦n of Eq. (2) for v = 0] is, for an even intensity profile I͑x͒ = I͑−x͒, proportional to the square of the sum of an even / ͑I + I d ͒ and an odd ‫ץ‬ x I / ͑I + I d ͒ contribution so that it has no definite parity. This superposition shows an off-axis guiding region producing a light deflection that is usually referred to as self-bending, and it is particularly relevant for optical beams of several micrometers. The lack of symmetry can be regarded as the origin of the self-bending mechanism, and it is unavoidable for the standard photorefractive response.
In the situation where the optical wave is not Bragg matched with the periodic response [7, 8] , the backward-reflected field can be neglected so that the slowly varying part of the 1D optical field A͑x , z͒ satisfies the parabolic wave equation ͓i‫ץ‬ / ‫ץ‬z + ͑1/2k͒‫ץ‬ 2 / ‫ץ‬x 2 ͔A =−͑k / n 0 ͒␦nA, where k =2n 0 / (wave-vector carrier), is the wavelength, and n 0 is the sample background index of refraction. Assuming 
Therefore A 0 is governed by a slowly varying (i.e., at scales much greater than L v ) effective nonlinear response ␦n eff = ␣͓ 
Note that, for ␥ = 0, this equation reproduces the equation describing solitons in centrosymmetric media [10] . Equation (4) admits the function
as a first integral ͑d⌫ /d =0͒ so that the boundary conditions u͑0͒ = u 0 , du /d͑0͒ =0, u͑ϱ͒ =du /d͑ϱ͒ =0 together with the relation ⌫͑ =0͒ = ⌫͑ = ϱ͒ yield a unique value ␤ = ␤͑u 0 , ␥͒ thus proving soliton existence. For each pair ͑u 0 , ␥͒ we have evaluated the soliton profile (which is bell shaped), extracted its FWHM and deduced the existence curves = ͑u 0 , ␥͒ that we report in Fig. 2 . For u 0 Ӷ 1 (low intensity regime) existence curves approach the common asymptotic profile corresponding to the ␥ =0 situation since, in this regime, the nonlinear response displays a common Kerr-like behavior [the RHS of Eq. (4) being approximately ͑␤ +1/2͒u − u 3 ]. For u 0 ӷ 1 (high-intensity regime) every existence curve (for different values of ␥) approaches an asymptotic width ϱ ͑␥͒, since the diffusive contribution in the nonlinear response (term containing du 2 /d) becomes dominant [the RHS of Eq. (4) being approximately ␤u + ␥͓͑du 2 /d͒ / u 2 ͔ 2 u) so that solitons shape and dynamics is almost independent of the intensity (see the 2D situation described in [11] ).
To support the above results we have investigated the uniform-to-fast-modulation-regime transition by numerically integrating the full time-dependent photorefractive nonlinear optical model [12] . We have chosen a crystal bulk (layer) of potassium lithium tantalate niobate (⑀ r =3ϫ 10 4 , g = 0.13 m 4 C −2 , n 0 = 2.4) at room temperature of thickness 2L x =2ϫ 55 m and length L z = 1000 m, through which an initial Gaussian beam launched at z = 0 with an half width at half maximum w 0 = 3.5 m (with a diffraction length of Ӎ250 m) and a peak intensity 25I d propagates. In the three electrode geometries of Figs. 1(a)-1(3a) , the gray and black stripes are electrodes whose voltages are at 15 and −15 V, respectively; in Figs. 1(2a) and 1(3a) they are alternated along z with periods 600 and 200 m. In Figs. 1(b)-1(3b) , we report the intensity profiles ͉A͉ 2 of the evaluated optical fields at temporal steady state, whereas in Figs. 1(1c)-1(3c) we plot the underlying refractive index patterns supporting the corresponding optical propagations. Configuration (1) corresponds to the standard soliton response, where a 3.5 m-sized optical beam experiences a bending deflection Ӎ25 m after approximately four diffraction lengths. In Fig. 1(1c) we report the corresponding refractive index, with its curved profile. Note that the beam bends toward the side of negative external potential and, most importantly, that reversing the applied voltage the resultant beam is the mirror image of the former one, since the parabolic equation with ␦n of Eq. (2) (with k v =0) is left invariant by the transformation → − and x → −x. When the external applied voltage is slowly modulated ͑L v Ͼ L d ͒ along the z axis [configuration (2) ], the optical beam shows a global wiggling intensity profile, since the above longitudinal averaging mechanism is ineffective; the situation must be regarded as a cascading of different media, each with an almost uniform externally bias voltage, the overall response being characterized by a snake-like profile [see Fig. 1(2c) ]. In configuration (3), the external applied voltage is made to oscillate along the z axis with a period very close to the diffraction length, and the self-trapped beam forms along a straight line, thus proving that the longitudinal averaging of the nonlinear response is in action and the reflection symmetry is restored [13] . Note that, in this numerical simulation, the parameters we have chosen slightly depart from the analytical soliton ones since ␥ = 0.04, u 0 =5 and the normalized FWHM is = 6.5, whereas, as seen in Fig. 2 , the analytical soliton corresponding to the same ␥ and u 0 has Ӎ 10. The fact that the selftrapped beam forms is numerical proof of the robustness of above-investigated solitons. In Fig. 1(3c) we report the complex nonlinear refractive index supporting straight optical beam whose lateral fast longitudinal modulation does not affect light propagation.
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